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SYSTEMS AND METHODS FOR ENGINE
KNOCK SENSOR RATIONALITY CHECK

FIELD

The present description relates generally to methods and
systems for determining knock sensor degradation.

BACKGROUND/SUMMARY

Engine knock 1s caused by spontaneous combustion of an
air/fuel mixture i an engine cylinder (e.g., combustion
chamber) outside of a combustion front from an i1gnition
event (e.g., from a spark plug). As an example, carbon
buildup within the cylinder may increase a compression
rat1o of the cylinder, resulting 1n an increased propensity for
knock. A knock sensor may be utilized to identily knock so
that an engine controller may employ various strategies to
mitigate knock, such as by adjusting (e.g., retarding) a spark
timing. The knock sensor may be a passive piezoelectric
device that outputs a voltage 1n response to a received
acoustic vibration, for example. A high amplitude knock
sensor output 1n a knock frequency band may indicate a
knock event. However, since strategies to reduce engine
knock may degrade engine performance, decrease fuel
economy, and increase emissions, a rationality check of the
knock sensor may be used to ensure that knock reduction
strategies are not employed 1n the absence of a knock event,
such as due to false knock detection by the knock sensor.

Other attempts to address a knock sensor rationality check
include determining knock sensor degradation based on the
sensor output during engine operation. One example
approach 1s shown by Hemandez et al. in U.S. Pat. No.
7,222,607 B2. Therein, a knock energy of a knock sensor 1s
computed, and a knock sensor fault 1s determined if the
knock energy 1s lower than an experimentally determined
threshold.

However, the mventors herein have recognized potential
issues with such systems. As one example, rationalizing the
knock sensor using only output from the knock sensor itself
may have low diagnostic fidelity. For example, under certain
conditions, the energy of the knock sensor output may be
lower than a threshold even when the knock sensor 1s not
degraded. As an example, during a vehicle idle stop or
during an electric mode of operation of a hybnd electric
vehicle (HEV), the knock sensor output may be at or near
zero. Under these conditions, prior approaches may lead to
a false diagnosis of knock sensor degradation. As another
example, comparing the knock energy to the experimentally
determined threshold may not distinguish a true knock event
from a falsely detected knock event, as the degraded knock
sensor may have a knock energy that is higher than the
threshold even 1n the absence of knock.

In one example, the i1ssues described above may be
addressed by a method, comprising: responsive to an ndi-
cation of a knock event from a knock sensor coupled to an
engine propelling a vehicle, correlating output of the knock
sensor with output of a microphone on-board the vehicle to
determine degradation of the knock sensor. In this way, the
knock sensor may be rationalized against another on-board
sensor, increasing diagnostic fidelity.

As one example, correlating the output of the knock
sensor with the output of the microphone includes generat-
ing a frequency response of each of the knock sensor output
and the microphone output during the knock event. The
knock sensor 1s determined to be rational in response to a
dominant frequency of the knock sensor frequency response
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2

matching a dominant frequency of the microphone 1re-
quency response, and the knock sensor 1s determined to be
degraded in response to the dominant frequency of the
knock sensor frequency response not matching the dominant
frequency of the microphone frequency response. As a
result, a detected knock event may be confirmed using a
second on-board sensor, thereby indicating that the detected
knock event 1s a true knock event and the knock sensor 1s
rational. I the detected knock event 1s not confirmed, 1t may
be determined that the knock sensor 1s degraded and detect-
ing knock even in the absence of a true knock event. In this
way, knock reduction strategies, including spark retard, are
not employed 1n the absence of a true knock event detected
by a rational knock sensor, preventing degraded engine
performance, decreased fuel economy, and increased emis-
S1011S.

It should be understood that the summary above 1s pro-
vided to introduce 1n simplified form a selection of concepts
that are further described 1n the detailed description. It 1s not
meant to 1dentify key or essential features of the claimed
subject matter, the scope of which 1s defined uniquely by the
claims that follow the detailed description. Furthermore, the
claimed subject matter 1s not limited to implementations that
solve any disadvantages noted above or in any part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic depiction of an example vehicle
system.

FIG. 2 shows an example method for performing an
engine knock sensor rationality check using output from an
on-board microphone.

FIG. 3 schematically illustrates a block diagram of a
signal processing algorithm for comparing a frequency
response of a knock sensor with a frequency response of an
on-board microphone to determine knock sensor degrada-
tion.

FIG. 4A 1illustrates a prophetic example timeline for
performing an engine knock sensor rationality check.

FIGS. 4B and 4C show frequency domain examples of
selected signals from the timeline of FIG. 4A.

DETAILED DESCRIPTION

The following description relates to systems and methods
for performing a rationality check of a knock sensor 1n an
engine system, such as the engine system shown in FIG. 1.
For example, knock sensor degradation may be determined
by comparing a frequency response of the knock sensor with
a time-matched frequency response of an on-board micro-
phone, such as according to the example method of FIG. 2
and using the example signal processing algorithm 1llus-
trated in FIG. 3. Spark timing may be adjusted in response
to knock detection when the knock sensor 1s determined to
be rational (e.g., a detected knock event 1s a true knock
event) but not when the knock sensor 1s determined to be
degraded (e.g., the detected knock event 1s a false knock
event), as illustrated i FIG. 4.

Turning to the figures, FIG. 1 depicts an example of a
cylinder 14 of an internal combustion engine 10, which may
be included 1n a vehicle 5. Engine 10 may be controlled at
least partially by a control system, including a controller 12,
and by mput from a vehicle operator 130 via an mput device
132. In this example, mput device 132 includes an accel-
erator pedal and a pedal position sensor 134 for generating
a proportional pedal position signal PP. Cylinder (herein,
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also “combustion chamber™) 14 of engine 10 may include
combustion chamber walls 136 with a piston 138 positioned
therein. Piston 138 may be coupled to a crankshatt 140 so
that reciprocating motion of the piston i1s translated into
rotational motion of the crankshaft. Crankshaft 140 may be
coupled to at least one vehicle wheel 55 via a transmission
54, as further described below. Further, a starter motor (not
shown) may be coupled to crankshaft 140 via a flywheel to
enable a starting operation of engine 10.

In some examples, vehicle 5 may be a hybrid vehicle with
multiple sources of torque available to one or more vehicle
wheels 55. In other examples, vehicle 5 1s a conventional
vehicle with only an engine or an electric vehicle with only
an electric machine(s). In the example shown, vehicle 5
includes engine 10 and an electric machine 52. Electric
machine 52 may be a motor or a motor/generator. Crankshaft
140 of engine 10 and electric machine 52 are connected via
transmission 54 to vehicle wheels 55 when one or more
clutch 56 1s engaged. In the depicted example, a first clutch
56 1s provided between crankshait 140 and electric machine
52, and a second clutch 56 1s provided between electric
machine 52 and transmission 34. Controller 12 may send a
signal to an actuator of each clutch 56 to engage or disen-
gage the clutch, so as to connect or disconnect crankshatt
140 from electric machine 52 and the components connected
thereto, and/or connect or disconnect electric machine 52
from transmission 54 and the components connected thereto.
Transmission 54 may be a gearbox, a planetary gear system,
or another type of transmission.

The powertrain may be configured in various manners,
including as a parallel, a series, or a series-parallel hybrnd
vehicle. In electric vehicle embodiments, a system battery
58 may be a traction battery that delivers electrical power to
clectric machine 52 to provide torque to vehicle wheels 55.
In some embodiments, electric machine 52 may also be
operated as a generator to provide electrical power to charge
system battery 58, for example, during a braking operation.
It will be appreciated that 1n other embodiments, including
non-electric vehicle embodiments, system battery 58 may be
a typical starting, lighting, 1igmition (SLI) battery coupled to
an alternator 46.

Alternator 46 may be configured to charge system battery
58 using engine torque via crankshaft 140 during engine
running. In addition, alternator 46 may power one or more
clectrical systems of the engine, such as one or more
auxiliary systems, including a heating, ventilation, and air
conditioning (HVAC) system, vehicle lights, an on-board
entertainment system, and other auxiliary systems based on
their corresponding electrical demands. In one example, a
current drawn on the alternator may continually vary based
on each of an operator cabin cooling demand, a battery
charging requirement, other auxiliary vehicle system
demands, and motor torque. A voltage regulator may be
coupled to alternator 46 1n order to regulate the power output
of the alternator based on system usage requirements,
including auxiliary system demands.

Cylinder 14 of engine 10 can receive intake air via a series
ol intake passages 142 and 144 and an intake manifold 146.
Intake manifold 146 can communicate with other cylinders
of engine 10 in addition to cylinder 14. One or more of the
intake passages may include one or more boosting devices,
such as a turbocharger or a supercharger. For example, FIG.
1 shows engine 10 configured with a turbocharger, including
a compressor 174 arranged between intake passages 142 and
144 and an exhaust turbine 176 arranged along an exhaust
passage 135. Compressor 174 may be at least partially
powered by exhaust turbine 176 via a shaft 180 when the
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4

boosting device 1s configured as a turbocharger. However, in
other examples, such as when engine 10 1s provided with a
supercharger, compressor 174 may be powered by mechani-
cal input from the engine, and exhaust turbine 176 may be
optionally omitted. In still other examples, engine 10 may be
provided with an electric supercharger (e.g., an “eBooster™),
and compressor 174 may be driven by an electric motor.

A throttle 162 including a throttle plate 164 may be
provided 1n the engine intake passages for varying the flow
rate and/or pressure ol intake air provided to the engine
cylinders. For example, throttle 162 may be positioned
downstream of compressor 174, as shown 1n FIG. 1, or may
be alternatively provided upstream of compressor 174.

An exhaust manifold 148 can receive exhaust gases from
other cylinders of engine 10 1n addition to cylinder 14. An
exhaust gas sensor 126 1s shown coupled to exhaust mani-
fold 148 upstream of an emission control device 178.
Exhaust gas sensor 126 may be selected from among various
suitable sensors for providing an indication of an exhaust
gas air/fuel ratio (AFR), such as a linear oxygen sensor or
UEGO (unmiversal or wide-range exhaust gas oxygen), a
two-state oxygen sensor or EGO, a HEGO (heated EGO), a
NOx, a HC, or a CO sensor, for example. In the example of
FIG. 1, exhaust gas sensor 126 1s a UEGO sensor. E

Emission
control device 178 may be a three-way catalyst, a NOX trap,
various other emission control devices, or combinations
thereof. In the example of FIG. 1, emission control device
178 1s a three-way catalyst.

Each cylinder of engine 10 may include one or more
intake valves and one or more exhaust valves. For example,
cylinder 14 1s shown including at least one intake poppet
valve 150 and at least one exhaust poppet valve 156 located
at an upper region of cylinder 14. In some examples, each
cylinder of engine 10, including cylinder 14, may include at
least two 1ntake poppet valves and at least two exhaust
poppet valves located at an upper region of the cylinder.
Intake valve 150 may be controlled by controller 12 via an
actuator 152. Sitmilarly, exhaust valve 156 may be controlled
by controller 12 via an actuator 154. The positions of intake
valve 150 and exhaust valve 156 may be determined by
respective valve position sensors (not shown).

During some conditions, controller 12 may vary the
signals provided to actuators 152 and 154 to control the
opening and closing of the respective intake and exhaust
valves. The valve actuators may be of an electric valve
actuation type, a cam actuation type, or a combination
thereof. The intake and exhaust valve timing may be con-
trolled concurrently, or any of a possibility of variable intake
cam timing, variable exhaust cam timing, dual independent
variable cam timing, or fixed cam timing may be used. Each
cam actuation system may include one or more cams and
may utilize one or more of cam profile switching (CPS),
variable cam timing (VCT), varniable valve timing (VVT),
and/or variable valve lift (VVL) systems that may be oper-
ated by controller 12 to vary valve operation. For example,
cylinder 14 may alternatively include an intake valve con-
trolled via electric valve actuation and an exhaust valve
controlled via cam actuation, including CPS and/or VCT. In
other examples, the intake and exhaust valves may be
controlled by a common valve actuator (or actuation system)
or a variable valve timing actuator (or actuation system).

Cylinder 14 can have a compression ratio, which 1s a ratio
of volumes when piston 138 1s at bottom dead center (BDC)
to top dead center (TDC). In one example, the compression
ratio 1s 1 the range of 9:1 to 10:1. However, 1n some
examples, the compression ratio may be increased when
different fuels are used. This may happen, for example,
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when higher octane fuels or fuels with a higher latent
enthalpy of vaporization are used. The compression ratio
may also be increased 11 direct 1njection 1s used due to its
ellect on engine knock.

Each cylinder of engine 10 may include a spark plug 192
for mitiating combustion. An 1gnition system 190 can pro-
vide an 1gnition spark to combustion chamber 14 via spark
plug 192 1n response to a spark advance signal SA from
controller 12, under select operating modes. A timing of
signal SA may be adjusted based on engine operating
conditions and driver torque demand. For example, spark
may be provided at maximum brake torque (MBT) timing to
maximize engine power and efliciency. Controller 12 may
input engine operating conditions, including engine speed
and engine load, 1into a look-up table and output the corre-
sponding MBT timing for the imnput engine operating con-
ditions. In other examples, spark may be retarded from
MBT, such as to expedite catalyst warm-up during engine
start or to reduce an occurrence of engine knock.

In some examples, each cylinder of engine 10 may be
configured with one or more fuel injectors for providing tuel
thereto. As a non-limiting example, cylinder 14 1s shown
including a fuel injector 166. Fuel injector 166 may be
configured to deliver fuel received from a fuel system 8.
Fuel system 8 may include one or more fuel tanks, fuel
pumps, and fuel rails. Fuel imjector 166 1s shown coupled
directly to cylinder 14 for injecting fuel directly therein in
proportion to a pulse width of a signal FPW received from
controller 12 via an electronic driver 168. In this manner,
tuel injector 166 provides what 1s known as direct injection
(hereafter also referred to as “DI”) of fuel 1into cylinder 14.
While FIG. 1 shows fuel injector 166 positioned to one side
of cylinder 14, tuel injector 166 may alternatively be located
overhead of the piston, such as near the position of spark
plug 192. Such a position may increase mixing and com-
bustion when operating the engine with an alcohol-based
tuel due to the lower volatility of some alcohol-based tuels.
Alternatively, the injector may be located overhead and near
the intake valve to increase mixing. Fuel may be delivered
to fuel 1injector 166 from a fuel tank of fuel system 8 via a
high pressure fuel pump and a fuel rail. Further, the fuel tank
may have a pressure transducer providing a signal to con-
troller 12.

In an alternate example, fuel 1njector 166 may be arranged
in an intake passage rather than coupled directly to cylinder
14 1n a configuration that provides what 1s known as port
injection of fuel (hereaiter also referred to as “PFI”) into an
intake port upstream of cylinder 14. In yet other examples,
cylinder 14 may include multiple injectors, which may be
configured as direct fuel injectors, port fuel 1njectors, or a
combination thereof. As such, 1t should be appreciated that
the fuel systems described herein should not be limited by
the particular fuel injector configurations described herein
by way of example.

Fuel injector 166 may be configured to receive different
tuels from fuel system 8 in varying relative amounts as a tuel
mixture and may be further configured to inject this fuel
mixture directly into cylinder 14. Further, fuel may be
delivered to cylinder 14 during different strokes of a single
cycle of the cylinder. For example, directly injected fuel may
be delivered at least partially during a previous exhaust
stroke, during an 1ntake stroke, and/or during a compression
stroke. As such, for a single combustion event, one or
multiple 1njections of fuel may be performed per cycle. The
multiple mjections may be performed during the compres-
sion stroke, intake stroke, or any appropriate combination
thereol 1n what 1s referred to as split fuel 1injection.
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Fuel tanks 1n fuel system 8 may hold fuels of different fuel
types, such as fuels with different fuel qualities and different
fuel compositions. The differences may include different
alcohol content, diflerent water content, diflerent octane,
different heats of vaporization, different fuel blends, and/or
combinations thereof, etc. One example of fuels with dii-
terent heats of vaporization includes gasoline as a first fuel
type with a lower heat of vaporization and ethanol as a
second fuel type with a greater heat of vaporization. In
another example, the engine may use gasoline as a first fuel
type and an alcohol-containing fuel blend, such as ER85
(which 1s approximately 85% ethanol and 15% gasoline) or
M85 (which 1s approximately 85% methanol and 15%
gasoline), as a second fuel type. Other feasible substances
include water, methanol, a mixture of alcohol and water, a
mixture of water and methanol, a mixture of alcohols, etc. In
still another example, both fuels may be alcohol blends with
varying alcohol compositions, wherein the first fuel type
may be a gasoline alcohol blend with a lower concentration
of alcohol, such as E10 (which 1s approximately 10%
cthanol), while the second fuel type may be a gasoline
alcohol blend with a greater concentration of alcohol, such
as B85 (which 1s approximately 85% ethanol). Additionally,
the first and second fuels may also differ in other fuel
qualities, such as a diflerence in temperature, viscosity,
octane number, etc. Moreover, fuel characteristics of one or
both fuel tanks may vary frequently, for example, due to day
to day variations in tank refilling.

Engine 10 may further include one or more knock sensors
coupled to each cylinder 14 for identifying abnormal cylin-
der combustion events, such as knock sensor 137 shown 1n
FIG. 1. In other examples, one or more knock sensors may
be coupled to selected locations of the engine block. In some
examples, knock sensor 137 may be an accelerometer
coupled to the cylinder block. In another example, knock
sensor 137 may be an 1onization sensor configured in the
spark plug of each cylinder. The output of knock sensor 137
may be used to indicate an abnormal combustion event in
cylinder 14 and the rest of the cylinders included 1n engine
10. In one example, based on the output of knock sensor 137
in one or more defined windows (e.g., crank angle timing
windows), abnormal combustion due to one or more of
knock and pre-ignition may be 1dentified and differentiated.
For example, knock may be 1dentified responsive to knock
sensor output obtained 1n a knock window being higher than
a knock threshold, while pre-ignition may be i1dentified
responsive to knock sensor output obtained 1n a pre-ignition
window being higher than a pre-ignition threshold. The
pre-1gnition threshold may be higher than the knock thresh-
old, and the pre-ignition window may be earlier than the
knock window, for example. In some examples, the knock
sensor output may be combined with the output of a crank-
shaft acceleration sensor to 1dentily one or more of knock
and pre-ignition.

Controller 12 1s shown m FIG. 1 as a microcomputer,
including a microprocessor unit 106, imnput/output ports 108,
an electronic storage medium for executable programs (e.g.,
executable istructions) and calibration values shown as
non-transitory read-only memory chip 110 1n this particular
example, random access memory 112, keep alive memory
114, and a data bus. Controller 12 may receive various
signals from sensors coupled to engine 10, including signals
previously discussed and additionally including a measure-
ment of inducted mass air flow (MAF) from a mass air flow
sensor 122; an engine coolant temperature (ECT) from a
temperature sensor 116 coupled to a cooling sleeve 118; an
exhaust gas temperature from a temperature sensor 158
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coupled to exhaust passage 135; a profile 1gnition pickup
signal (PIP) from a Hall eflect sensor 120 (or other type)
coupled to crankshaft 140; a throttle position signal (TP)
from a throttle position sensor; signal UEGO from exhaust
gas sensor 126, which may be used by controller 12 to
determine the AFR of the exhaust gas; a knock signal from
knock sensor 137; and an absolute manifold pressure signal
(MAP) from a MAP sensor 124. An engine speed signal,
RPM, may be generated by controller 12 from signal PIP.
The manifold pressure signal MAP from MAP sensor 124
may be used to provide an indication of vacuum or pressure
in the mtake manifold. Controller 12 may infer an engine
temperature based on the engine coolant temperature and
infer a temperature of emission control device 178 based on
the signal received from temperature sensor 158.

Furthermore, controller 12 may receive signals from an
on-board microphone 195 coupled within vehicle 5. For
example, on-board microphone 195 may be used to deter-
mine a sound level and/or frequency of various sounds in
and around vehicle 5, including ambient sounds, voice
commands, engine sounds, etc. In some examples, on-board
microphone 195 may be located 1n a passenger cabin of
vehicle 5, such as on a dashboard of the vehicle, and may be
used for mputting voice commands from the vehicle opera-
tor, hands-free telephone conversations, etc. In other
examples, on-board microphone 195 may be located exter-
nally, such as mounted on an exterior surface of vehicle 5
(c.g., on a windshield or hood) and may be used for
navigation and obstacle avoidance based on ambient sounds
from the environment of vehicle 5. In still other examples,
on-board microphone 195 may be mounted 1n an under-hood
compartment of vehicle 5. In each example, on-board micro-
phone 195 transmits an output signal corresponding to sound
pressure fluctuations from the various sources (e.g., the
vehicle operator, the engine, and the vehicle environment).
Controller 12 may distinguish noises from the various
sources based on the frequency of the output, as further
described below.

Controller 12 receirves signals from the various sensors of
FIG. 1, processes the received signals, and employs the
various actuators of FIG. 1 (e.g., fuel injector 166 and spark
plug 192) to adjust engine operation based on the received
signals and instructions stored on a memory of the control-
ler. For example, the controller may receive an indication of
knock from knock sensor 137 and sound measurements from
on-board microphone 195, transform and/or filter the
received signals, and determine 11 knock sensor 137 1s
rational, such as according to the routine of FIG. 2. If knock
sensor 137 1s determined to be rational, the occurrence of
knock may be confirmed as true knock, and controller 12
may adjust engine operation to mitigate further occurrences
of knock, such as by adjusting a spark timing of spark plug
192, as further described below.

As described above, FIG. 1 shows only one cylinder of a
multi-cylinder engine. As such, each cylinder may similarly
include 1ts own set of intake/exhaust valves, fuel 1njector(s),
spark plug, etc. It will be appreciated that engine 10 may
include any suitable number of cylinders, including 2, 3, 4,
5, 6, 8 10, 12, or more cylinders. Further, each of these
cylinders can include some or all of the various components
described and depicted by FIG. 1 with reference to cylinder
14.

Next, FIG. 2 shows an example method 200 for perform-
ing a knock sensor rationality check in an engine system,
which may be included in a vehicle. For example, the
method 1includes determining whether a knock event
detected by the knock sensor has occurred (e.g., true knock
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detection) or not (e.g., false knock detection) by correlating
an output of the knock sensor with an output of an on-board
microphone. If the knock event detected by the knock sensor
1s confirmed by the on-board microphone, 1t may be deter-
mined that the knock sensor 1s rational, and engine operation
may be adjusted to mitigate knock. If the knock event
detected by the knock sensor 1s not confirmed by the
on-board microphone, 1t may be determined that the knock
sensor 1s degraded, and the engine operation may not be
adjusted to mitigate knock. Instructions for carrying out
method 200 and the rest of the methods included herein may
be executed by a controller (e.g., controller 12 of FIG. 1)
based on 1nstructions stored on a memory of the controller
and 1in conjunction with signals received from sensors of the
engine system, such as the sensors described above with
reference to FIG. 1 (e.g., knock sensor 137 and on-board
microphone 195 of FIG. 1). The controller may employ
engine actuators of the engine system (e.g., spark plug 192
of FIG. 1) to adjust engine operation according to the
methods described below.

Method 200 begins at 202 and includes estimating and/or
measuring operating conditions. The operating conditions
may 1nclude, but are not limited to, engine speed, engine
load, driver torque demand (for example, as based on an
output of a pedal position sensor coupled to an operator
pedal), crankshait angle, engine temperature, fuel octane of
fuel available 1n a fuel tank, engine vibration level (e.g., as
detected by the knock sensor), and spark timing. Engine
speed and crankshait angle may be determined based on a
signal PIP output by a Hall effect sensor (e.g., Hall effect
sensor 120 of FIG. 1), for example. Engine load may be
determined based on a measurement of MAF from a MAF
sensor (e.g., MAF sensor 122 of FIG. 1). The operating
conditions may further include ambient conditions, such as
ambient temperature, ambient pressure, and ambient noise.
The ambient noise may refer to sound pressure fluctuations
measured by the on-board microphone while the engine 1s
ofl (e.g., at rest, without combustion occurring in engine
cylinders). For example, the ambient noise may be measured
by the on-board microphone prior to an engine start event or
during an afterrun period (in which the both engine and the
vehicle are ofl, with an 1gnition switch 1n an “ofl” position)
and stored in a memory of the controller. Further, a geo-
graphic location in which the ambient noise 1s obtained may
be stored, for example, as metadata. The geographic location
may be determined using an onboard navigation system,
such as a global positioning system, for example.

At 204, 1t 1s determined 11 conditions for rationalizing the
knock sensor are met. As an example, the conditions for
rationalizing the knock sensor may include a threshold
duration having passed since the knock sensor was last
rationalized. The threshold duration may be a predetermined
time duration, such as days or weeks. As another example,
the conditions for rationalizing the knock sensor may
include the knock sensor rationality check not having been
previously performed during the current drive cycle (e.g.,
since the most recent vehicle key-on event). As still another
example, the conditions for rationalizing the knock sensor
may include an indication that drivability issues, such as
engine misiire and engine hesitation, have occurred. The
conditions for rationalizing the knock sensor may further
include an absence of an indication that the on-board micro-
phone 1s degraded. In some examples, the conditions for
rationalizing the knock sensor may additionally or alterna-
tively include the vehicle operating 1n a low ambient noise
environment, particularly if the use of frequency filters 1s not
included 1n method 200, as will be described further below.
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In other examples, when the use of frequency filters corre-
sponding to ambient noise subtraction are included 1n
method 200, the conditions for rationalizing the knock
sensor may further include the vehicle being 1n substantially
the same geographic location (e.g., within a threshold dis-
tance, such as 0.25 mile) as where the ambient noise was
measured (e.g., as measured at 202).

If the conditions for rationalizing the knock sensor are not
met, method 200 proceeds to 206 and includes not perform-
ing the knock sensor rationality check. For example, the
knock sensor rationality check may not be performed when
the conditions for rationalizing the knock sensor are not met
in order to increase the fidelity of the outcome. Without
performing the rationality check, the knock sensor cannot be
determined to be degraded. Therefore, the knock sensor may
be assumed to be rational, and spark timing may be adjusted
in response to knock detection by the knock sensor, as will
be described below at 222.

If the conditions for rationalizing the knock sensor are
met, method 200 proceeds to 208 and includes determinming,
if knock 1s detected. As described with respect to FIG. 1,
knock may be detected based on an output of the knock
sensor obtained during a defined knock window (e.g., crank-
ing angle timing window, such as between approximately 4°
from TDC to approximately 70° after TDC for an exemplary
engine). For example, knock may be indicated 1n response to
the output of the knock sensor surpassing a knock threshold
within the knock window. The knock threshold may refer to
a non-zero output amplitude below which the knock sensor
output corresponds to engine vibrations due to nominal
engine operation and above which the knock sensor output
corresponds to engine vibrations due to knock.

If knock 1s not detected, method 200 proceeds to 210 and
includes continuing to monitor for engine knock via the
knock sensor. Without knock detected, the knock sensor
cannot be rationalized using the on-board microphone.
Therefore, the controller may continue to compare the
output of the knock sensor with the knock threshold during
engine operation so that a knock event may be identified.
Method 200 may return to 208.

If knock 1s detected at 208, method 200 proceeds to 212
and includes transforming the knock sensor output into the
frequency domain to generate a knock sensor frequency
response. For example, the controller may perform a fast
Fourier transform (FFT) of the knock sensor output col-
lected during the detected knock event (e.g., during the
knock window). The FFT identifies the frequency compo-
nents of the engine vibrations measured by the knock sensor
over the detected knock event by converting the knock
sensor signal information to a magnitude and phase com-
ponent of each frequency. In some examples, the FFT may
be further converted to a power spectrum, in which a
magnitude of each frequency component squared.

At 214, method 200 1ncludes transforming a time-aligned
output of the on-board microphone into the frequency
domain to generate a microphone frequency response. The
time-aligned output of the on-board microphone refers to the
sound vibrations recorded by the microphone during the
detected knock event (e.g., the same time period as the
transformed knock sensor output, such as during the knock
window). For example, the controller may perform a FFT of
the microphone output collected over the detected knock
event. The FFT 1dentifies the frequency components of the
sound vibrations measured by the on-board microphone over
the detected knock event by converting the on-board micro-
phone signal information to a magnitude and phase compo-
nent of each frequency. Similar to the knock sensor ire-
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quency response, 1n some examples, the on-board
microphone FFT may be further converted to a power
spectrum. Although the sound vibrations may include sound
from non-engine noise sources in addition to the engine
(e.g., ambient noise from the environment and noise from a
passenger cabin of the vehicle), generating the microphone
frequency response may enable sound vibrations from the
engine to be distinguished from those of the non-engine
noise sources, as further described below, particularly 11 the
conditions for rationalizing the knock sensor do not include
the vehicle operating in a low ambient noise environment.

At 216, method 200 optionally includes removing ambi-
ent noise from the microphone frequency response using a
bandpass filter and/or a subtraction filter. As one example,
removing the ambient noise from the microphone frequency
response may include passing the microphone frequency
response through a bandpass filter having a predetermined
bandwidth that enables frequencies within a known (e.g.,
predetermined) knock frequency range to pass while filter-
ing out frequencies outside of the predetermined bandwidth,
including those corresponding to non-engine noise sources
(e.g., the ambient noise, including a frequency range that 1s
audible to humans). As a non-limiting example, the band-
pass lilter may pass frequencies 1n a range from 4 kHz to 22
kHz (e.g., frequencies less than 4 kHz and greater than 22
kHz are filtered out). Additionally or alternatively, the
controller may use a frequency subtraction filter to remove
individual frequencies and/or a band of frequencies corre-
sponding to the ambient noise. For example, the controller
may determine the individual frequencies and/or the band of
frequencies corresponding to the ambient noise from the
measurements made by the on-board microphone during the
vehicle afterrun. In this way, the knock sensor rationality
check may be performed even 1n high ambient noise envi-
ronments with high diagnostic accuracy.

At 218, 1t 1s determined 1 dominant frequencies of the
knock sensor frequency response and the (optionally {il-
tered) microphone frequency response match. For example,
the controller may compare a dominant frequency of the
knock sensor frequency response with a dominant frequency
of the microphone frequency response to determine 1f the
frequencies are the same. The dominant frequency of the
knock sensor frequency response refers to the frequency
having the highest magnitude 1n the knock sensor frequency
response, and the dominant frequency of the microphone
frequency response refers to the frequency having the high-
est amplitude 1n the microphone frequency response.

If the dominant frequencies match, method 200 proceeds
to 220 and includes indicating that the knock sensor i1s
rational. That 1s, the engine vibrations measured by the
knock sensor match sound wvibrations measured by the
on-board microphone, indicating that the knock event
detected by the knock sensor 1s true knock and not due to
sensor degradation. Indicating that the knock sensor 1s
rational (and not degraded) may include setting a flag at the
controller to indicate that the rationality check was con-
ducted and that the knock sensor passed. Further, indicating
that the knock sensor 1s rational may further include indi-
cating that the detected knock event 1s a true knock event,
the detected knock event having been confirmed based on
the output of the on-board microphone.

At 222, method 200 includes adjusting spark timing 1n
response to knock. For example, the spark timing may be
retarded from a first spark timing 1n response to the detection
of knock at 208, with an amount of spark retard applied
based on the first spark timing and further based on the
indication of knock. For example, as an incidence of knock
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increases, the amount of spark retard applied may be
increased. As another example, when the first spark timing
1s closer to maximum brake torque (MBT) timing, the
amount of spark retard applied may be increased. The first
spark timing may be a nominal spark timing, such as
determined based on at least one of the engine speed, the
engine load, and the fuel octane, or may be a previously
adjusted spark timing (e.g., adjusted responsive to a previ-
ous indication of knock). In one example, the spark timing
may be decreased by 1-2 crank angle degrees responsive to
the 1indication of knock. With the detected knock indicated
as a true knock event, the spark timing may remain retarded
from the first spark timing. Furthermore, the spark timing
may be adjusted in response to knock during subsequent
knock events while the knock sensor 1s indicated to be
rational (e.g., knock sensor degradation i1s not indicated).
Following 222, method 200 ends.

If the dominant frequencies of the knock sensor frequency
response and the microphone frequency response do not
match at 218, method 200 proceeds to 224 and includes
indicating knock sensor degradation. For example, method
200 proceeds to 224 1n response to a dominant frequency
mismatch at 218. That 1s, the engine vibrations measured by
the knock sensor do not correlate with sound vibrations
measured by the on-board microphone, indicating that the
knock event detected by the knock sensor did not occur (e.g.,
1s a false knock event) and may be an artifact of sensor
degradation. Indicating knock sensor degradation may
include setting a corresponding diagnostic trouble code
(DTC) at the controller. Indicating knock sensor degradation
and may further include 1lluminating a malfunction indicator
lamp (MIL) on a dash of the vehicle to alert the vehicle
operator to service the vehicle, for example.

At 226, method 200 includes not adjusting the spark
timing 1n response to knock detected by the knock sensor.
For example, with the knock sensor degraded (e.g., 1rratio-
nal), the knock sensor may indicate a knock event when
knock 1s not present (e.g., a false knock event 1s detected).
Furthermore, the controller may re-adjust the current spark
timing. For example, because method 200 includes process-
ing signals collected over time, the spark timing may be
retarded from the first spark timing in response to the
detection of knock at 208 prior to the indication that the
knock sensor 1s degraded (e.g., at 224). Therefore, the spark
timing may be advanced a corresponding number of
degrees, such as returned to the first spark timing. Following
226, method 200 ends.

In some examples, prior to indicating knock sensor deg-
radation at 224, method 200 may further include first ratio-
nalizing the microphone. For example, the microphone may
be rationalized by altering spark timing and observing
changes in the microphone and knock sensor responses. As
one example, if the knock sensor indicates knock and the
microphone does not (e.g., the dominant frequencies of the
knock sensor frequency response and microphone frequency
response do not match at 218), the spark timing may be
advanced a predetermined amount that 1s expected to induce
knock. If the microphone still does not detect knock in
response to the advanced, knock-inducing spark timing, 1t
may be assumed that the microphone 1s degraded and that
the knock sensor 1s rational (e.g., method 200 proceeds to
220). As another example, spark timing may be retarded to
prevent knock 1n response to the dominant frequency mis-
match at 218. If the knock sensor still detects knock even
alter the spark timing 1s retarded, it may be confirmed that
the knock sensor 1s degraded (e.g., method 200 proceeds to
224). As still another example, the controller may perform a
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series ol spark timing adjustments, both advancing and
retarding the spark timing within the series, 1n response to
the dominant frequencies not matching at 218, analyze the
frequency responses of the knock sensor and the microphone
during each spark timing adjustment, and use logic rules to
determine the rationality of the microphone and/or the knock
sensor. In an alternative example, the microphone may be
rationalized outside of method 200, such as by measuring
sound produced by an onboard infotainment system.

In this way, the spark timing 1s adjusted in response to
cach of the output of the knock sensor (e.g., to detect the
knock event at 208) and the output of the on-board micro-
phone (e.g., to determine a condition of the knock sensor).
For example, the spark timing may be initially retarded 1n
response to a detection of knock by the knock sensor. It the
knock sensor 1s determined to be 1n a rational condition, the
retarded spark timing may be maintained. Furthermore, the
spark timing may be retarded in response to subsequent
detections of knock by the knock sensor. By retarding the
spark timing 1n response to an mdication of knock when the
knock detector 1s 1n the rational condition, in-cylinder pres-
sures may be decreased, thereby decreasing the propensity
for further knock and resulting engine degradation. If the
knock sensor 1s determined to be 1n a degraded condition,
the retarded spark timing may be reverted to the previous
timing. Furthermore, the spark timing may not be retarded in
response to the subsequent detections of knock by the knock
sensor. By not adjusting the spark timing when the degraded
knock sensor detects knock, reduced engine performance,
reduced fuel economy, and increased emissions resulting
from retarding spark 1n the absence of knock may be
avoided.

Thus, 1n one example, the method may include determin-
ing a rational condition of a knock sensor, and in response
thereto, adjusting a spark timing responsive to a detection of
knock by the knock sensor; and determining a degraded
condition of the knock sensor (which may not be the rational
condition), and 1n response thereto, not adjusting (e.g.,
maintaining) the spark timing responsive to the detection of
knock by the knock sensor. In some examples, adjusting the
spark timing responsive to the detection of knock by the
knock sensor occurs while or during an indication of the
rational condition, and maintaining spark timing responsive
to the detection of knock by the knock sensor occurs while
the indication of the rational condition 1s not present and/or
while or during an indication of the degraded condition.
Further, instructions stored in memory may include deter-
mining the rational condition from both of an output of the
knock sensor and an output of an on-board microphone, and
in response, adjusting the spark timing responsive to the
detection of knock by the knock sensor by instructions for
sending a signal to a spark plug; and determiming the
degraded condition from both of the output of the knock
sensor and the output of the on-board microphone, and 1n
response, not adjusting the spark timing responsive to the
detection of knock by the knock sensor by instructions for
sending a different signal to the spark plug. In some
examples, the method may include determining whether to
perform each of adjusting the spark timing responsive to the
detection of knock by the knock sensor and not adjusting the
spark timing responsive to the detection of knock by the
knock sensor based on a determination of whether the
rational condition 1s present and a determination of whether
the degraded condition is present.

As 1llustrated by examples herein, the method of operat-
ing and performing actions responsive to a determination of
the condition of the knock sensor may include operating
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with the knock sensor 1n the rational condition (e.g., oper-
ating with the vehicle traveling and the engine combusting),
determining whether the rational condition 1s present (such
as based on a correlation of the knock sensor output and the
on-board microphone output) and performing actions 1in
response thereto; as well as operating without the knock
sensor 1n the rational condition (e.g., operating with the
knock sensor in the degraded condition), determining that
the rational condition 1s not present (e.g., the degraded
condition 1s present), and performing a different action 1n
response thereto. For example, responsive to a determination
that the rational condition 1s present, engine operation may
be adjusted to mitigate engine knock in response to a knock
event detected by the knock sensor, and responsive to a
determination that the rational condition 1s not present (e.g.,
the degraded condition 1s present), engine operation may not
be adjusted to mitigate engine knock 1n response to a knock
event detected by the knock sensor.

In some examples, the method may include differentiating
between the rational knock sensor condition and the
degraded knock sensor condition based on the output of the
knock sensor and the output of the on-board microphone
obtained during a most recent knock event and taking
different actions 1n response to the differentiation. For
example, when the differentiation indicates the rational
knock sensor condition, the spark timing 1s retarded in
response to a subsequent detection of knock by the knock
sensor. Furthermore, a currently retarded spark timing, as
retarded 1n response to the most recent knock event, 1s
maintained. As another example, when the differentiation
indicates the degraded knock sensor condition, the spark
timing 1s not retarded 1n response to a subsequent detection
of knock by the knock sensor. Furthermore, the currently
retarded spark timing is reverted. As another example, the
method may include adjusting the spark timing responsive to
cach of an output of the knock sensor and the output of the
on-board microphone.

FIG. 3 schematically depicts a block diagram of a signal
processing algorithm 300 for correlating an output of a
knock sensor (e.g., knock sensor 137 of FIG. 1) with an
output of an on-board microphone (e.g., on-board micro-
phone 195 of FIG. 1) to rationalize the knock sensor. A
controller (e.g., controller 12 of FIG. 2) may utilize signal
processing algorithm 300 while performing method 200 of
FIG. 2, for example. As diagrammed i FIG. 3, a knock
sensor output 301 obtained during a knock event (e.g., as
detected by the knock sensor) i1s converted into a knock
sensor frequency response 302 via a FIT. The resulting
knock sensor frequency response 302 1s mput into a ire-
quency comparison feature 312. Similarly, a microphone
output 303 obtained during the knock event 1s converted into
a microphone frequency response 304 via a F1'T. In some
examples, as described above with respect to FIG. 2, micro-
phone frequency response 304 may first undergo filtering to
reduce an eflect of non-engine related noise, such as ambient
noise, on the knock sensor rationality check. For example, a
microphone output 3035 obtained while the engine 1s off,
corresponding to ambient noise measurements, may be
converted to a microphone frequency response 306 via a
FTT. Microphone frequency response 306, corresponding to
ambient noise frequencies measured while the engine was
ofl, may optionally be subtracted from microphone Ire-
quency response 304 using a frequency subtraction filter
308. The resulting filtered microphone frequency response
304 may optionally pass through a bandpass filter 310 or be
input directly into frequency comparison feature 312. Band-
pass filter 310 may correspond to predetermined knock
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frequencies encountered by the knock sensor so that fre-
quencies associated with knock are passed through bandpass
filter 310 while other frequencies, including frequencies
assoclated with ambient noise, are eliminated before micro-
phone frequency response 304 1s mput into frequency com-
parison feature 312. As another example, microphone ire-
quency response 304 may pass through bandpass filter 310
without having first passed through frequency subtraction
filter 308. In other examples, microphone Irequency
response 304 may be directly input into frequency compari-
son feature 312 without having passed through either of
frequency subtraction filter 308 or bandpass filter 310,
particularly when the ambient noise 1s low.

Comparison feature 312 may include a set of 1nstructions
stored 1n memory for determining a dominant frequency of
cach of the knock sensor frequency response 302 and the
(optionally filtered) microphone frequency response 304 as
well as the hardware performing the set of instructions.
Comparison feature 312 may directly compare the dominant
frequency of the knock sensor frequency response 302 with
the dominant frequency of the (optionally filtered) micro-
phone frequency response 304 to determine 1f they match
and output a corresponding knock sensor diagnostic result
314. For example, 11 the dominant frequency of the knock
sensor frequency response 302 matches the dominant fre-
quency of the microphone frequency response 304, the
knock sensor diagnostic result 314 indicates that the knock
sensor 1s rational, and the knock detected by the knock
sensor 1s a true knock event. Conversely, 1 the dominant
frequency of the knock sensor frequency response 302 does
not match the dominant frequency of the microphone fre-
quency response 304, the knock sensor diagnostic result 314
indicates that the knock sensor 1s degraded, and the knock
detected by the knock sensor did not occur (e.g., 1s a false
knock event). The controller may then adjust engine opera-
tion accordingly, such as by adjusting spark timing, as
described above with respect to FIG. 3.

Next, FIG. 4A depicts an example graph 400 of a timeline
for correlating the output of a knock sensor (e.g., knock
sensor 137 of FIG. 1) 1n a vehicle system with output from
an on-board microphone (e.g., on-board microphone 195 of
FIG. 1) to rationalize the knock sensor, such as according to
the diagnostic method of FIG. 2. Knock sensor output 1s
shown 1n plot 402, on-board microphone output 1s shown 1n
plot 404, an mdication of a knock window 1s shown 1n plot
405, an 1indication of whether conditions for rationalizing the
knock sensor are met 1s shown 1n plot 406, an indication of
whether the knock sensor 1s degraded 1s shown 1n plot 408,
and spark timing 1s shown 1n plot 410. For all of the above,
the horizontal axis represents time, with time increasing
along the horizontal axis from leit to right. The vertical axis
represents each labeled parameter. For plots 402 and 404,
the labeled parameter increases along the vertical axis from
bottom to top. For plots 405, 406, and 408, the vertical axis
represents whether the labeled parameter 1s indicated (e.g.,
“ves” or “no”’). For plot 410, nominal spark timing (“nom”
1s represented by dashed line 412, and the vertical axis
represents an amount of spark advance (“adv’) or retard
(“ret”) from the nominal spark timing, with the amount of
spark advance increasing up the vertical axis from dashed
line 412 and the amount of spark retard increasing down the
vertical axis from dashed line 412. Furthermore, a knock
threshold 1s indicated by dashed line 414.

Beginning at time t0, the engine 1s operated with spark
timing (plot 410) at or near the nominal spark timing (dashed
line 412). Although the nominal spark timing i1s shown as a
flat line, 1t should be understood that the nominal spark
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timing varies based on engine operating conditions, includ-
ing engine speed and load. For example, the nominal spark
timing may be at or near MBT timing, with a controller (e.g.,
controller 12 of FIG. 1) determiming the current MBT timing
by mnputting the current engine operating conditions (e.g.,
engine speed and load) into a look-up table and outputting
the corresponding MBT timing. The controller may send a
signal SA to an 1gnition system (e.g., 1ignition system 190 of
FIG. 1) to actuate each spark plug of the engine (e.g., spark
plug 192 of FIG. 1) to mitiate combustion at the determined
timing. Furthermore, the knock window (plot 4035) 1s shown
as a step-wave form indicating a time period during which
knock detection may occur for a combustion event.

As the engine 1s operated, the knock sensor measures
engine vibrations and produces a corresponding output (plot
402), which 1s received by the controller. The measured
engine vibrations due to nominal engine operation (e.g.,
abnormal combustion 1s not occurring) are small relative to
vibrations produced by engine knock, with the knock sensor
output (plot 402) remaining below the knock threshold
(dashed line 414). The on-board microphone also measures
sounds occurring during engine operation, including noise
from nominal engine operation and ambient noise, and sends
a corresponding output (plot 404) to the controller. Further-
more, between time t0 and time t1, conditions for rational-
1zing the knock sensor are met (plot 406). For example, a
threshold duration may have passed since the knock sensor
diagnostic was last performed, as described with respect to
FIG. 2. Furthermore, knock sensor degradation 1s not indi-
cated (plot 408).

At time t1, the knock sensor output (plot 402) surpasses
the knock threshold within the knock window (plot 4035),
indicating a knock event has occurred. In response to the
detected knock event, the spark timing (plot 410) 1s retarded
from the nominal spark timing (dashed line 412), such as
retarded from MBT timing. Since the conditions for ratio-
nalizing the knock sensor are met at time t1 (plot 406), the
controller performs the knock sensor rationality check using
the knock sensor output (plot 402) and the on-board micro-
phone output (plot 404) obtained during the detected knock
event (e.g., during the corresponding knock window). The
knock sensor output and the on-board microphone output
that 1s analyzed to perform the knock sensor rationality
check 1s defined by dashed box 416, the knock sensor output
and the on-board microphone output having the same time
range. As described with respect to FIG. 2, the controller
performs a FF'T of each of the knock sensor output and the
on-board microphone output sampled within dashed box
416.

Turning to FIG. 4B, a graph 417 shows the resulting
frequency response of each of the knock sensor output and
the on-board microphone output sampled within dashed box
416. Specifically, a single-sided spectrum of the knock
sensor FF'T 1s shown 1n plot 420a, and a single-side spectrum
ol the on-board microphone FTT 1s shown 1n plot 422a. For
the above, the horizontal axis represents the frequency, with
the frequency increasing along the horizontal axis from left
to right. The vertical axis represents the magnitude of each
frequency response, with the magnitude increasing along the
vertical axis from bottom to top. The dominant frequency of
the knock sensor FT'T (plot 420a) 1s at a frequency indicated
by dashed line 424. The dominant frequency of the on-board
microphone FFT (plot 422a) also occurs at the frequency of
dashed line 424. Therefore, the dominant frequencies mea-
sured by the knock sensor and the on-board microphone
during the detected knock event match.
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Returning to FIG. 4A, at time t2, because the dominant
frequencies match, the knock sensor 1s determined to be
rational, and knock sensor degradation 1s not indicated (plot
408). Furthermore, since the detected knock event 1s con-
firmed as true knock, the spark timing (plot 410) remains
retarded from the nominal spark timing (dashed line 412) to
avoild a further occurrence of knock. With the knock sensor
rationalization performed, conditions for rationalizing the
knock sensor are no longer met (plot 406). Further, with no
knock sensor degradation indicated, the controller may
continue to retard the spark timing in response to further
knock events detected by the knock sensor (e.g., when the
knock sensor output exceeds the knock threshold within the
knock window).

At a later time t3, the engine 1s again operated with spark
timing (plot 410) at or near the nominal spark timing (dashed
line 412), and the conditions for rationalizing the knock
sensor are again met (plot 406). For example, time t3 may
be days or weeks after time t2. With the engine on and
operating (e.g., with combustion occurring within engine
cylinders), the knock sensor measures engine vibrations and
produces a corresponding output (plot 402), which 1s less
than the knock threshold (dashed line 414) prior to time t4.
The on-board microphone also measures sounds occurring
during the engine operation and sends a corresponding
output (plot 404) to the controller.

At time t4, the knock sensor output (plot 402) surpasses
the knock threshold (dashed line 414) within the knock
window (plot 405), indicating a knock event has occurred. In
response to the knock event, the spark timing (plot 410) 1s
retarded from the nominal spark timing (dashed line 412).
Because the conditions for rationalizing the knock sensor are
met at time t4 (plot 406), the controller again performs the
knock sensor rationality check by performing a F'1'T of each
of the knock sensor output (plot 402) and the on-board
microphone output (plot 404) sampled during the detected
knock event (e.g., as defined by dashed box 418).

Turning to FIG. 4C, a graph 419 shows the resulting
frequency response of each of the knock sensor output and
the on-board microphone output sampled within the time
range defined by dashed box 418. A single-sided spectrum of
the knock sensor FFT 1s shown 1n plot 4205, and a single-
side spectrum of the on-board microphone FI'T 1s shown 1n
plot 422b6. As 1 FIG. 4B, the horizontal axis represents the
frequency, with the frequency increasing along the horizon-
tal axis from left to right, and the vertical axis represents the
magnitude of the labeled frequency response, with the
magnitude mcreasing along the vertical axis from bottom to
top. The dominant frequency of the knock sensor FT'T (plot
420b) 1s at a frequency indicated by dashed line 426. The
dominant frequency of the on-board microphone FFT (plot
422b) does not occur at the frequency of dashed line 426.
Therefore, the dominant frequencies measured by the knock
sensor and the on-board microphone during the detected
knock event do not match.

Returning to FIG. 4A, at time t5, because the dominant
frequencies do not match, the knock sensor 1s determined to
be 1rrational, and knock sensor degradation 1s indicated (plot
408). Furthermore, because the detected knock event was
not validated by the on-board microphone output (e.g., the
detected knock event 1s a false knock event), the spark
timing (plot 410) 1s returned to the nominal spark timing
(dashed line 412) to avoid degraded engine performance and
reduced fuel economy. With the knock sensor rationaliza-
tion, conditions for rationalizing the knock sensor are no
longer met (plot 406).
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At time t6, the knock sensor output (plot 402) again
surpasses the knock threshold (dashed line 414) within the
knock window (plot 405). Because knock sensor degrada-
tion 1s indicated (plot 408), spark timing (plot 410) 1s not
retarded in response to the detected knock event but remains
at the nominal spark timing (dashed line 412). For example,
with knock sensor degradation indicated (e.g., the knock
sensor 1s determined to be 1 a degraded condition), the
detected knock event at time t6 1s assumed to be a false
knock event. In this way, spark timing 1s not adjusted due to
false knock detection by the degraded knock sensor. As a
result, engine performance and fuel economy are increased.

In this way, by correlating output of a knock sensor with
output of an on-board microphone, degradation of the knock
sensor may be robustly identified so that engine control
strategies for mitigating engine knock, such as spark retard,
are not employed 1n the absence of true knock. For example,
a detected knock event may be false when the knock sensor
1s degraded. By not retarding spark in response to false
knock detection by the degraded knock sensor, engine
performance degradation and reduced fuel economy 1s
avoided. Furthermore, by correlating the output of the knock
sensor with the output of the on-board microphone, true
knock 1s confirmed, such as when the knock sensor is
determined to be rational.

The technical effect of rationalizing a knock sensor using,
an on-board microphone 1s that a knock event may be
identified as true knock or false knock, and spark timing may
be retarded 1n response to true knock and not 1n response to
false knock, thereby increasing engine performance and fuel
economy.

As one example, a method comprises: responsive to an
indication of a knock event from a knock sensor coupled to
an engine propelling a vehicle, correlating output of the
knock sensor with output of a microphone on-board the
vehicle to determine degradation of the knock sensor. In the
preceding example, additionally or optionally, the knock
event 1s 1ndicated 1n response to the output of the knock
sensor being greater than a knock threshold within a pre-
defined knock window. In any or all of the preceding
examples, correlating the output of the knock sensor with the
output of the microphone to determine degradation of the
knock sensor additionally or optionally comprises: generat-
ing a frequency response of the knock sensor from output
obtained over the knock event; generating a Irequency
response of the microphone from output obtained over the
knock event; and determiming 11 a dominant frequency of the
knock sensor frequency response matches a dominant fre-
quency ol the microphone frequency response. In any or all
of the preceding examples, the method additionally or
optionally further comprises: prior to determining 1f the
dominant frequency of the knock sensor frequency response
matches the dominant frequency of the microphone ire-
quency response, passing the microphone Irequency
response through one or more filters. In any or all of the
preceding examples, additionally or optionally, the one or
more filters include a frequency subtraction filter and a
bandpass filter. In any or all of the preceding examples,
additionally or optionally, the frequency subtraction filter
removes Irequencies corresponding to ambient noise from
the microphone frequency response, the frequencies corre-
sponding to the ambient noise determined based on output of
the microphone obtained while the engine 1s off. In any or
all of the preceding examples, additionally or optionally, the
bandpass filter passes frequencies ol the microphone ire-
quency response corresponding to knock. In any or all of the
preceding examples, the method additionally or optionally
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further comprises: indicating the knock sensor 1s rational 1n
response to the dominant frequency of the knock sensor
frequency response matching the dominant frequency of the
microphone frequency response; and indicating degradation
of the knock sensor 1n response to the dominant frequency
of the knock sensor frequency response not matching the
dominant frequency of the microphone frequency response.
In any or all of the preceding examples, the method addi-
tionally or optionally further comprises: adjusting ignition
spark timing of the engine 1n response to a subsequent
indication of a knock event when the knock sensor is
determined not to be degraded; and not performing the
adjusting of the i1gnition spark timing when degradation of
the knock sensor 1s indicated. In any or all of the preceding
examples, additionally or optionally, correlating the output
of the knock sensor with the output of the microphone to
determine degradation of the knock sensor occurs during a
low ambient noise condition. In any or all of the preceding
examples, additionally or optionally, the low ambient noise
condition 1s determined based on the output of the micro-
phone while the engine 1s off.

As another example, a method comprises: adjusting a
spark timing responsive to each of an output of a knock
sensor coupled to the engine and an output of a microphone
configured to measure sound produced by the engine. In the
preceding example, the adjusting the spark timing respon-
s1ve to each of the output of the knock sensor and the output
of the microphone additionally or optionally further com-
prises: detecting a knock event responsive to the output of
the knock sensor surpassing a knock threshold; and retarding
the spark timing from a {irst spark timing in response to the
detected knock event. In any or all of the preceding
examples, the method additionally or optionally further
comprises: determining frequency components of the knock
sensor output sampled during the detected knock event via
a Tast Fournier transform; determining frequency components
of the microphone output sampled during the detected knock
event via the fast Fourier transform; maintaining the spark
timing at the retarded spark timing 1n response to a dominant
frequency of the determined frequency components of the
knock sensor output matching a dominant frequency of the
determined frequency components of the microphone out-
put; and reverting the spark timing to the first spark timing
in response to the dominant frequency of the determined
frequency components ol the knock sensor output not
matching the dominant frequency of the determined fre-
quency components of the microphone output. In any or all
of the preceding examples, the method additionally or
optionally further comprises: indicating degradation of the
knock sensor 1n response to the dominant frequency of the
determined frequency components of the knock sensor out-
put not matching the dominant frequency of the determined
frequency components of the microphone output; not adjust-
ing the spark timing 1n response to a subsequently detected
knock event. In any or all of the preceding examples,
additionally or optionally, the adjusting the spark timing
responsive to each of the output of the knock sensor and the
output of the microphone occurs while the engine 1s oper-
ating 1n a low ambient noise environment, the low ambient
noise environment determined based on the output of the
microphone prior to starting of the engine.

As a further example, a vehicle system comprises: an
engine including a plurality of cylinders, each cylinder
including a spark plug coupled thereto; a knock sensor
coupled to the engine; a microphone coupled 1n the vehicle;
a controller holding instructions 1n non-transitory memory
that, when executed, cause the controller to: determine a
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condition of the knock sensor based on an output of the
knock sensor and an output of the microphone obtained
during a detection of knock by the knock sensor; adjust a
timing of a spark provided by the spark plug during a
subsequent detection of knock by the knock sensor based on
the determined condition. In the preceding example, addi-
tionally or optionally, the condition of the knock sensor 1s
one of a rational condition and a degraded condition. In any
or all of the preceding examples, additionally or optionally,
determining the condition of the knock sensor based on the
output of the knock sensor and the output of the microphone
obtained during the detection of knock by the knock sensor
comprises: transforming each of the output of the knock
sensor and the output of the microphone obtained during the
detection of knock into frequency domain; indicating the
knock sensor 1s in the rational condition in response to a
dominant frequency match between the transformed output
of the knock sensor and the transformed output of the
microphone; and indicating the knock sensor 1s in the
degraded condition 1in response to a dominant frequency
mismatch between the transformed output of the knock
sensor and the transformed output of the microphone. In any
or all of the preceding examples, additionally or optionally,
adjusting the timing of the spark provided by the spark plug
during a subsequent detection of knock by the knock sensor
based on the determined condition includes retarding the
spark timing in response to the subsequent detection of
knock when the determined condition 1s the rational condi-
tion and not retarding the spark timing in response to the
subsequent detection of knock when the determined condi-
tion 1s the degraded condition.

In another representation, a method comprises: determin-
ing whether a detected engine knock event 1s true or false
based on an output of a knock sensor coupled to the engine
and an output of a microphone configured to measure sound
produced by the engine; retarding spark timing in response
to the detected engine knock event being true; and not
retarding spark timing 1n response the detected engine knock
event being false. In the preceding example, additionally or
optionally, the detected engine knock event 1s responsive to
the output of the knock sensor surpassing a knock threshold.
In any or all of the preceding examples, additionally or
optionally, determining whether the detected engine knock
event 1s true or false based on the output of the knock sensor
and the output of the microphone comprises: 1n response to
conditions for rationalizing the knock sensor being met,
determining frequency components of the knock sensor
output sampled during the detected engine knock event via
a Tast Fournier transform; determiming frequency components
of the microphone output sampled during the detected
engine knock event via the fast Fourier transform; indicating
the detected knock event 1s true 1n response to a dominant
frequency of the determined frequency components of the
knock sensor output matching a dominant frequency of the
determined frequency components of the microphone out-
put; and indicating the detected knock event 1s false in
response to the dominant frequency of the determined
frequency components of the knock sensor output not
matching the dominant frequency of the determined 1fre-
quency components of the microphone output. In any or all
of the preceding examples, additionally or optionally, the
conditions for rationalizing the knock sensor include at least
one of the engine operating 1n a low ambient noise envi-
ronment and a threshold duration since previously rational-
1zing the knock sensor having elapsed. In any or all of the
preceding examples, additionally or optionally, the low
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ambient noise environment 1s determined based on sound
measured by the microphone prior to starting of the engine.

Note that the example control and estimation routines
included herein can be used with various engine and/or
vehicle system configurations. The control methods and
routines disclosed herein may be stored as executable
instructions in non-transitory memory and may be carried
out by the control system including the controller 1n com-
bination with the wvarious sensors, actuators, and other
engine hardware. The specific routines described herein may
represent one or more of any number of processing strate-
gies such as event-driven, interrupt-driven, multi-tasking,
multi-threading, and the like. As such, various actions,
operations, and/or functions 1llustrated may be performed 1n
the sequence 1llustrated, 1in parallel, or in some cases omit-
ted. Likewise, the order of processing 1s not necessarily
required to achieve the features and advantages of the
example embodiments described herein, but 1s provided for
case of illustration and description. One or more of the
illustrated actions, operations and/or functions may be
repeatedly performed depending on the particular strategy
being used. Further, the described actions, operations and/or
functions may graphically represent code to be programmed
into non-transitory memory of the computer readable stor-
age medium 1n the engine control system, where the
described actions are carried out by executing the instruc-
tions 1n a system including the various engine hardware
components 1n combination with the electronic controller.

It will be appreciated that the configurations and routines
disclosed herein are exemplary in nature, and that these
specific embodiments are not to be considered in a limiting
sense, because numerous variations are possible. For
example, the above technology can be applied to V-6, 1-4,
I-6, V-12, opposed 4, and other engine types. The subject
matter of the present disclosure includes all novel and
non-obvious combinations and sub-combinations of the
various systems and configurations, and other features,
functions, and/or properties disclosed herein.

The following claims particularly point out certain com-
binations and sub-combinations regarded as novel and non-
obvious. These claims may refer to “an” element or “a first”
clement or the equivalent thereof. Such claims should be
understood to include mcorporation of one or more such
clements, neither requiring nor excluding two or more such
clements. Other combinations and sub-combinations of the
disclosed features, functions, elements, and/or properties
may be claimed through amendment of the present claims or
through presentation of new claims i this or a related
application. Such claims, whether broader, narrower, equal,
or different 1n scope to the original claims, also are regarded
as 1ncluded within the subject matter of the present disclo-
sure.

The mvention claimed 1s:

1. A method, comprising:

via a controller,

responsive to an indication of a knock event from a
knock sensor coupled to an engine propelling a
vehicle, correlating output of the knock sensor with
output of a microphone on-board the vehicle to
determine degradation of the knock sensor; and

providing an alert to a vehicle operator responsive to
determining degradation of the knock sensor.

2. The method of claim 1, wherein the knock event i1s
indicated 1n response to the output of the knock sensor being
greater than a knock threshold within a pre-defined knock
window.
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3. The method of claim 1, wherein correlating the output
of the knock sensor with the output of the microphone to
determine degradation of the knock sensor comprises:

generating a frequency response of the knock sensor from

output obtained over the knock event;
generating a frequency response of the microphone from
output obtained over the knock event; and

determining if a dominant frequency of the knock sensor
frequency response matches a dominant frequency of
the microphone frequency response.

4. The method of claim 3, further comprising;:

prior to determining 1f the dominant frequency of the

knock sensor frequency response matches the dominant
frequency of the microphone frequency response, pass-
ing the microphone frequency response through one or
more filters.

5. The method of claim 4, wherein the one or more filters
include a frequency subtraction filter and a bandpass filter.

6. The method of claim 5, wherein the frequency sub-
traction filter removes frequencies corresponding to ambient
noise from the microphone frequency response, the frequen-
cies corresponding to the ambient noise determined based on
output of the microphone obtained while the engine 1s ofl.

7. The method of claim 5, wherein the bandpass filter
passes Irequencies of the microphone frequency response
corresponding to knock.

8. The method of claim 3, further comprising:

indicating the knock sensor 1s rational 1n response to the

dominant frequency of the knock sensor Ifrequency
response matching the dominant frequency of the
microphone frequency response; and

indicating degradation of the knock sensor in response to

the dominant frequency of the knock sensor frequency
response not matching the dominant frequency of the
microphone frequency response.

9. The method of claim 1, turther comprising;:

adjusting 1gnition spark timing of the engine 1n response

to a subsequent 1ndication of a knock event when the

knock sensor 1s determined not to be degraded; and
not performing the adjusting of the 1gnition spark timing

when degradation of the knock sensor 1s indicated.

10. The method of claim 1, wherein the correlating the
output of the knock sensor with the output of the microphone
to determine degradation of the knock sensor occurs during
a low ambient noise condition.

11. The method of claim 10, wherein the low ambient
noise condition 1s determined based on output of the micro-
phone while the engine 1s ofl.

12. A method for a spark ignition engine, comprising:

via a controller,

adjusting a spark timing responsive to each of an output

of a knock sensor coupled to the engine and an output
ol a microphone configured to measure sound produced

by the engine, wherein the output of the microphone 1s
used to determine a condition of the knock sensor.
13. The method of claim 12, wherein the adjusting the
spark timing responsive to each of the output of the knock
sensor and the output of the microphone comprises:
detecting a knock event responsive to the output of the
knock sensor surpassing a knock threshold; and
retarding the spark timing from a first spark timing in
response to the detected knock event.
14. The method of claim 13, further comprising:
determining frequency components of the knock sensor
output sampled during the detected knock event via a
fast Fourier transform:
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determiming frequency components of the microphone
output sampled during the detected knock event via the
fast Fourier transform:;
maintaining the spark timing at the retarded spark timing
in response to a dominant frequency of the determined
frequency components of the knock sensor output
matching a dominant frequency of the determined
frequency components of the microphone output; and
reverting the spark timing to the first spark timing 1n
response to the dominant frequency of the determined
frequency components of the knock sensor output not
matching the dominant frequency of the determined
frequency components of the microphone output.
15. The method of claim 14, further comprising:
indicating the condition of the knock sensor to be
degraded 1n response to the dominant frequency of the
determined frequency components of the knock sensor
output not matching the dominant frequency of the
determined frequency components of the microphone
output; and
not adjusting the spark timing in response to a subse-
quently detected knock event.
16. The method of claim 12, wherein the adjusting the
spark timing responsive to each of the output of the knock
sensor and the output of the microphone occurs while the
engine 1s operating in a low ambient noise environment, the
low ambient noise environment determined based on output
of the microphone prior to starting of the engine.
17. A vehicle system, comprising:
an engine including a plurality of cylinders, each cylinder
including a spark plug coupled thereto;
a knock sensor coupled to the engine;
a microphone coupled 1n the vehicle;
a controller holding instructions 1n non-transitory
memory that, when executed, cause the controller to:
determine a condition of the knock sensor based on an
output of the knock sensor and an output of the
microphone obtained during a detection of knock by
the knock sensor;

adjust a timing of a spark provided by the spark plug
during a subsequent detection of knock by the knock
sensor based on the determined condition.

18. The system of claim 17, wherein the condition of the
knock sensor 1s one of a rational condition and a degraded
condition.

19. The system of claim 18, wherein determining the
condition of the knock sensor based on the output of the
knock sensor and the output of the microphone obtained
during the detection of knock by the knock sensor com-
Prises:

transforming each of the output of the knock sensor and
the output of the microphone obtained during the
detection of knock into frequency domain;

indicating the knock sensor 1s 1n the rational condition 1n
response to a dominant frequency match between the
transtormed output of the knock sensor and the trans-
formed output of the microphone; and

indicating the knock sensor 1s in the degraded condition 1n
response to a dominant frequency mismatch between
the transformed output of the knock sensor and the
transformed output of the microphone.

20. The system of claim 18, wherein adjusting the timing,
of the spark provided by the spark plug during a subsequent
detection of knock by the knock sensor based on the
determined condition includes retarding the spark timing in
response to the subsequent detection of knock when the
determined condition 1s the rational condition and not retard-
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ing the spark timing 1n response to the subsequent detection
of knock when the determined condition 1s the degraded
condition.

24
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